REACTIVE OXYGEN SPECIES (ROS), generated during aerobic respiration and inflammation, have been implicated in mediating cell death in a wide range of disorders including atherosclerosis, Parkinson's disease, Alzheimer's disease, and drug-induced liver injury. ROS have been shown to induce both apoptosis and necrosis in cells (1, 5, 24, 58) . Whether ROS induce apoptotic or necrotic cell death is dependent on the cell type and/or extent of exposure to ROS (1, 24) . Higher ROS exposure generally leads to necrosis rather than apoptosis in many cell types due to extensive oxidation of proteins, including cysteines in caspases (cysteine proteases), which prevent caspase activity needed to mediate apoptosis (4, 22, 25) . Cell death induced by ROS such as H 2 O 2 has traditionally been attributed to oxidation and damage of cellular macromolecules (e.g., proteins, DNA, and lipids) leading to catastrophic damage that results in cell death. However, many recent studies have demonstrated that the activation of signal transduction pathways is important in mediating ROS-induced cell death. In various cell lines, ROS-induced apoptosis has been shown to be modulated by altered signaling pathways involving JNK, PKC, and Akt (PKB) (9, 11, 38, 55, 58) . Therefore, understanding the signaling pathways involved in mediating ROSinduced cell death may have important implications in understanding many diseases associated with ROS-induced injury.
JNK, a member of the MAPK subfamily, has been shown to be activated by H 2 O 2 and mediates ROS-induced apoptosis in a variety of cells (11, 41, 55, 62) . Although JNK is important in the stress response, when JNK activation is sustained, JNK is believed to be proapoptotic (11, 41) and initiates apoptotic pathways including the induction of Bax translocation to mitochondria (56) , promotion of second mitochondrial activator of caspases (SMAC) and cytochrome c release from mitochondria (7, 49) , and inactivation of Bcl-x L (36) . Similarly, Akt, a serine/threonine kinase, has been shown to be activated by H 2 O 2 in some cell lines (48, 50) . However, in contrast to JNK, Akt is believed to play a protective role against ROS-induced apoptosis, and pharmacological or genetic inhibition of Akt has been shown to sensitize cells to H 2 O 2 -induced apoptosis (17, 32) . The activation of PKC has also been shown to occur in response to treatment with H 2 O 2 or chemicals that generate ROS, such as menadione, to cells (13, 18, 57) . In some cases, PKC activation plays a protective role (33) : in RALA255 cells (a hepatocyte cell line), PKC inhibitors were found to sensitize cells to ROS-induced apoptosis (58) . In other cases, PKC activation plays an injurious role (13) : in a keratinocyte cell line, PKC activation was found to mediate apoptosis induced by ROS generated through UV light (16) . Whether PKC activation protects against or promotes cell death caused by ROS may depend on the PKC isoform activated, which may be cell type and context specific. There are at least 11 isoforms of PKC, which are divided into 3 classes: the classical group (␣, ␤I, ␤II, and ␥), which is activated by diacylglycerol, Ca 2ϩ , and phorbol esters; the novel group (␦, ε, , and ), which is not activated by Ca 2ϩ ; and the atypical group ( and /), which is insensitive to Ca 2ϩ , diacylglycerol, and phorbol esters (44) . Recent studies have shown that AMP-activated kinase (AMPK), an important energy sensor in cells, also plays an important role in cell survival/death (51) . AMPK regulates energy-generating pathways (e.g., ␤-oxidation and glucose transport) and energy storage pathways (i.e., glycogen synthesis) in response to fluctuations in cellular energy levels (28, 42) . Since cellular ATP levels are important in cell survival, AMPK may be an important regulator of cell death/survival in certain situations. AMPK has an important role in protecting the heart and liver from ischemia-reperfusion injury (45, 47) . On the other hand, AMPK has also been shown to promote apoptosis or autophagy in some cell lines (35, 39) . AMPK has been shown to be activated in response to H 2 O 2 in some cells (8) , but whether AMPK modulates ROS-induced cell death has not been extensively investigated.
While many signaling pathways involved in ROS-induced apoptosis have been well characterized, the signal transduction pathways that modulate ROS-induced necrosis have not been extensively explored. Traditionally, necrosis has been believed to be a passive process resulting from overwhelming cellular injury. However, recent studies have demonstrated that certain types of necrosis, like apoptosis, may be programmed and involve the activation and/or inhibition of signaling pathways important in cell death or survival (15, 46) . In Jurkat cells, TNF-induced apoptosis was converted to programmed necrosis when Jurkat cells were treated with caspase inhibitor (zVAD) (15) . The signaling pathway important in many types of programmed necrosis involves receptor-interacting protein kinase activity (RIP) (6, 30) . In addition, we recently observed that JNK inhibition dramatically inhibited acetaminophen-induced liver injury, which primarily involves hepatocyte necrosis (21) . Whether ROS can also induce programmed necrosis in cells and whether the signaling pathways involved in ROS-induced apoptosis (i.e., JNK, PKC, and Akt) mediate necrotic cell death have not been extensively explored.
ROS are believed to mediate liver injury in alcoholic liver disease, drug-induced liver injury, and during inflammation associated with various viral pathogens (34) . In many of these pathophysiological states, such as inflammation, localized high concentrations of H 2 O 2 may be an important component in promoting hepatocyte injury. Previously, we observed that treatment of primary cultured hepatocytes with H 2 O 2 resulted in necrosis, with very little apoptosis (Ͻ2%) occurring at all doses of H 2 O 2 examined (0 -400 M) (24). However, low nonlethal doses of H 2 O 2 were observed to sensitize hepatocytes to TNF-induced apoptosis through the inhibition of NF-B signaling, suggesting that H 2 O 2 regulates important signal transduction pathways involved in survival and/or death in primary hepatocytes. In this study, we continued our investigation examining signaling pathways modulated by H 2 O 2 in primary cultured hepatocytes. However, instead of investigating apoptotic signaling, we investigated signaling pathways involved in H 2 O 2 -induced necrosis. The question of whether altering key signaling pathways can modulate H 2 O 2 -induced necrosis was explored. Based on previous work, we focused on PKC and examined how PKC modulation affects H 2 O 2 -induced necrosis.
MATERIALS AND METHODS
Experimental protocols were approved by the University of Southern California Institutional Animal Care and Use Committee (protocol no. 10649).
Materials. All inhibitors used in this study were purchased from Calibiochem (San Diego, CA). H 2O2 was purchased from Sigma (St. Louis, MO).
Cell culture. Hepatocytes were isolated as previously described from C57 BL/6 mice (26) . Briefly, the liver was perfused with collagenase, and isolated hepatocytes (1.2 ϫ 10 6 , viability Ͼ90%) were plated in individual 60-mm-diameter LUX culture dishes coated with 0.03% rat tail collagen. After 3 h, the culture medium was changed to serum-free medium containing 100 U/ml penicillin and 0.1 mg/ml streptomycin. After 1 h in serum-free medium, hepatocytes were treated with various inhibitors, such as PKC inhibitors. H2O2 was added in 100-M increments to hepatocytes following various treatments.
Determination of apoptosis and necrosis. After 16 h of various treatments, cells were double stained with 8 g/ml Hoechst 33258 and 1 M Sytox green. Hepatocytes were incubated with Hoechst 33258 for 15 min. Sytox was added just before analysis. After cells had been stained, culture dishes were observed under an OLYMPUS fluorescent microscope. Quantitation of total and apoptotic cells was performed as previously described by counting Ͼ1,000 cells in 10 different fields (24) . Necrotic cells (Sytox green positive) were determined by counting the same field.
HPLC measurements for GSH and GSSG. GSH and GSSG were detected using reverse-phase HPLC and a Coulochem II electrochemical detector (ESA Laboratories, Chelmsford, MA) as previously described (29) . At collection time points, hepatocytes were washed with cold PBS and then treated with 5% metaphosphoric acid to prevent GSH autoxidation (24) . Samples were centrifuged (12,000 g for 5 min), and the supernatant was injected into the HPLC.
Separation of membranes and the cytoplasm. Following various treatments, hepatocytes were scraped in lysis buffer (20 mM Tris ⅐ HCl, 10 mM EGTA, 2 mM EDTA, 50 mM ␤-mercaptoethanol, 1 mM PMSF, and protease and phosphatase inhibitor cocktails from Sigma; pH 7.5). The lysate was sonicated and centrifuged for 1 h at 100,000 g at 4°C (31) . The supernatant, which contained cytoplasmic proteins, was removed and frozen at Ϫ80°C. The pellet was treated with lysis buffer containing 0.2% Triton X-100, mixed, and incubated in ice for 1 h. The redissolved pellet was subsequently spun at 100,000 g for 1 h. The resulting supernant, which contained membrane proteins, was removed and stored at Ϫ80°C.
Immunoblot analysis. Following various treatments, hepatocytes were scraped in lysis buffer. Cells were subsequently sonicated (3 ϫ 15 s). Cell lysates were resolved by SDS-PAGE, and proteins were transferred to membranes and visualized by immunoblot analysis using antisera for Akt, phospho-Akt (Ser 473 ), AMPK-␣, phospho-AMPK, JNK, phospho-JNK, poly(ADP-ribose) polymerase (PARP), caspase 3 (Asp 175 ), and PARP-1 (Asp 214 ) (obtained from Cell Signaling Technologies, Danvers, MD). All gels shown are representative samples from three experiments. Densitometry was performed using the ImageJ program from the National Institutes of Health.
Measurement of H2O2 in culture media. At the indicated times, media were removed, and H2O2 consumption was determined using an oxygen electrode following catalase treatment as previously described (2) .
Antisense experiments. Antisense oligonucleotides (ASO) targeting mouse PKC-␣ and PKC-ε (Isis Pharmaceuticals, Carlsbad, CA) and a chemical control oligonucleotide (Isis 141923) were synthesized as 20-nt uniform phosphorothioate chimeric oligonucleotides and purified as previously described (21) . Oligonucleotides used in these experiments were chimeric oligonucleotides containing five nucleaseresistant 2Ј-O-methoxyethylribose-modified phosphorothioate residues on the 5Ј-and 3Ј-ends, flanking a 2Ј-deoxyribonucleotide/ phosphorothioate region that supports RNase H-based cleavage of the targeted mRNA. To knockdown PKC-␣ and PKC-ε, mice were injected intraperitoneally with ASO seven times (50 (Fig. 1, a and b) . However, cell death induced by H 2 O 2 appeared to be primarily necrotic (ϳ82% with 300 M H 2 O 2 ), since Sytox green was readily taken up due to the disruption of the plasma membrane. Little nuclear fragmentation, characteristic of apoptosis, was observed with either Sytox green (Fig.  1b) Values are means Ϯ SD. Hepatocytes were treated with H2O2 (300 M) and various inhibitors ͓10 M for all inhibitors except for butylated hydroxytoluene (BHT), cyclosporin A, and Z-VAD-FMK, which were used at doses of 20 M]. Inhibitors were added 1 h prior to H2O2 treatment. Necrosis was determined 16 h after H2O2 treatment using Sytox green. *P Ͻ 0.05 compared with hepatocytes treated with H2O2 alone (untreated).
effect on the GSH-to-GSSG redox ratio and H 2 O 2 detoxification, suggesting that PKC inhibition does not affect the antioxidant capacity of hepatocytes. 4B ; data not shown). H 2 O 2 treatment, particularly in the presence of PKC inhibitors, appeared to cause some decrease of PKC-␦ in both the cytoplasm and membrane, but this findings was not significant (data not shown). PKC inhibitor treatment alone caused the translocation of PKC-␣, PKC-␤II, and, to some extent, PKC-ε to membranes following Ro-31-8425 or bisindolymaleimide I treatment. The translocation of various PKC isoforms induced by PKC inhibitor treatment is in agreement with recently published results (52, 53) . Fig. 3 . Effect of H2O2 and PKC inhibitor treatment on GSH/GSSG levels and H2O2 consumption in primary hepatocytes. A: H2O2 (300 M) consumption by hepatocytes in the absence and presence of Ro (10 M, 1-h pretreatment). {, H2O2 in medium without hepatocytes; }, H2O2 in medium containing hepatocytes; ■, H2O2 in medium containing hepatocytes pretreated with Ro. At the indicated times, media were removed, and H2O2 consumption was determined using an oxygen electrode following catalase treatment. B: effect of H2O2 (300 M) on the GSH-to-GSSG ratio (GSH/GSSG ratio). }, H2O2 treatment alone; ■, Ro (10 M) ϩ H2O2. Primary cultured hepatocytes were treated with various doses of H2O2 with or without Ro. GSH and GSSG levels were analyzed in the supernatant using HPLC with electrochemical detection as described in MATERIALS AND METHODS. Fig. 2 . PKC inhibitor protects against necrosis induced by bolus or steady levels of H2O2. Primary cultured hepatocytes were treated with bolus additions of H2O2 or steady levels of H2O2 generated by various concentrations of glucose oxidase for 1 h in the presence of absence of Ro (10 M, 1-h pretreatment). }, H2O2 treatment alone; ■, Ro ϩ H2O2. A: dose-response curve of necrosis induced by bolus additions of H2O2. B: dose-response curve of necrosis induced by steady-state generation of H2O2 using glucose oxidase. Glucose oxidase at a dose of 1 g is estimated to generate 0.52 nmol H2O2/min in culture medium. Necrotic cells were determined using Sytox green 16 h after treatment. C: cellular GSH levels as an assessment of hepatocyte viability. Hepatocytes were treated with various doses of bolus H2O2. Eighteen hours following H2O2 treatment, hepatocytes were washed with PBS and scraped in 5% metaphosphoric acid, and GSH levels measured using HPLC with electrochemical detection. Means Ϯ SD are shown. *P Ͻ 0.05 compared with H2O2 treatment alone.
It is believed that the binding of PKC inhibitors to the ATP site in PKC, which inhibits its activity, causes a conformational change that promotes its translocation to the membrane. PKCwas the only PKC isoform that was not affected by PKC inhibitor and, like other PKC isoforms, was not affected by H 2 O 2 treatment of hepatocytes.
Although we were unable to unequivocally observe PKC activation, the fact that PKC inhibitors strongly protected against H 2 O 2 -induced necrosis suggests that PKC activation is an important signal in inducing necrosis, probably in the lag phase following H 2 O 2 treatment. It is possible that the different PKC isoforms very transiently translocated to membranes and were missed in our experiments. In addition, in some cases, PKC activation has been reported not to involve membrane translocation (12, 19) . Consequently, we next examined the time course of PKC activation following H 2 O 2 treatment in hepatocyte lysates using an antibody that recognizes proteins phosphorylated by PKC (PKC recognition motif: serine residues surrounded by arginine or lysine at the Ϫ2 and ϩ2 positions and a hydrophobic residue at the ϩ1 position) (37) . Figure 4C shows that PKC activity increased rapidly in hepatocytes following H 2 O 2 treatment, peaking at ϳ30 min. Control sample also had some bands, suggesting that there was some basal PKC activity in untreated hepatocytes. As expected, PKC inhibitor (Ro-31-8425 and bisindoylmaleimide I) pretreatment inhibited the phosphorylation of proteins by PKC. PMA, an activator of classical and novel PKC isoforms (10), was used as a positive control and caused a dramatic increase in proteins phosphorylated by PKC, similar to H 2 O 2 treatment. These findings support the notion that H 2 O 2 treatment causes rapid and sustained PKC activation in primary cultured hepatocytes.
In the next series of experiments, we examined the various signaling pathways in the lag phase that may be mediated by PKC and that may be important in modulating H 2 O 2 -induced necrosis. These experiments used PKC inhibitors to unmask signaling pathways that are important in protecting hepatocytes from H 2 O 2 -induced necrosis.
Protective effect of PKC inhibitors against H 2 O 2 -induced necrosis is not mediated through modulation of JNK signaling in primary cultured hepatocytes. JNK is important in mediating apoptosis as well as programmed necrosis in many cell lines (11, 46) . Recently, we observed that JNK inhibition dramatically protected the liver from acetaminophen, which primarily induces necrosis in hepatocytes (21) . Consequently, the role of JNK in mediating H 2 O 2 -induced necrosis in primary hepatocytes was investigated. Figure 5A shows that treatment of hepatocytes with H 2 O 2 caused JNK activation within 15 min, and JNK activation was sustained for up to 2 h. PMA treatment did not induce JNK phosphorylation, and PKC inhibitor treatment did not affect JNK activation (Fig. 5B) , indicating that PKC does not modulate JNK activity under Ten minutes following H2O2 treatment, hepatocytes were washed and scraped with lysis buffer. The cytoplasm and membrane were separated by high-speed centrifugation (100,000 g) as described in MATERIALS AND METHODS. PKC levels in the cytoplasm and membrane were assessed by Western blot analysis. C: time course of PKC activation following H2O2 treatment. Primary hepatocytes were treated with H2O2 (300 M) with or without PKC inhibitors or PMA (2 M for 1 h). PKC activity in hepatocyte lysate was assessed by Western blot analysis using an antibody that recognizes proteins phosphorylated by PKC (PKC recognition motif: serine residues surrounded by arginine or lysine at the Ϫ2 and ϩ2 positions and a hydrophobic residue at the ϩ1 position). these conditions. JNK inhibitor (SP-600125; 20 M) caused a slight protection (ϳ22%) against H 2 O 2 -induced necrosis in hepatocytes, suggesting that JNK activation may play some role in H 2 O 2 -induced necrosis (Fig. 5C ). Based on our data, although JNK may play some role in H 2 O 2 -induced necrosis, the protective effect of PKC inhibitors does not involve the modulation of JNK.
H 2 O 2 and PKC regulate the phosphorylation of Akt (Ser 473 ).
Akt has been previously characterized in certain cell types (keratinocytes, A459 cells, and HEK-293 cells) to be negatively regulated by PKC (38, 59) . In these experiments, PKC inhibitors were demonstrated to increase the phosphorylation of Akt (Ser 473 ) and, consequently, Akt activity. Since Akt activity promotes cell survival, we investigated whether PKC inhibitors were modulating Akt, thereby protecting hepatocytes from H 2 O 2 -induced necrosis. Figure 6A shows that H 2 O 2 treatment, in a dose-dependent manner, inhibited Akt phosphorylation (1 h following H 2 O 2 treatment). H 2 O 2 treatment rapidly inactivated Akt, with decreases in Akt phosphorylation being observed 5 min after H 2 O 2 treatment (Fig. 6B) , a time point that corresponded with a dramatic change in the GSH/ GSSG redox status (Fig. 3, B-D) . PMA, an activator of classical and novel PKC isoforms, also downregulated Akt (Fig. 6A) , confirming that PKC is involved in the negative regulation of Akt phosphorylation, in agreement with previous results. Pretreatment of hepatocytes with PKC inhibitors alone (Ro-31-8425 or bisindolymaleimide I) resulted in increased Akt phosphorylation over control hepatocytes (Fig. 6C) induced necrosis, Akt activity was modulated using various inhibitors. Akt phosphorylation is regulated by PI3K-dependent serine/threonine kinase-1, a pathway inhibitable by the PI3K inhibitor wortmannin (38) . Recently, several specific Akt inhibitors, such as Akt inhibitor VIII [1,3- 
, have also been developed (40) . Figure 7A shows that pretreatment of hepatocytes with wortmannin or Akt inhibitor VIII (30 min prior to PKC inhibitor treatment) inhibited Akt phosphorylation even in the presence of PKC inhibitors (Ro-31-8245 and bisindolymaleimide I). The loss of Akt phosphorylation by inhibitor treatments only minimally reversed the protection by Ro-31-8425 treatment (Fig. 7B) or slightly increased H 2 O 2 -induced necro- sis. Akt inhibitor VIII caused a slight but significant decrease in viability (ϳ18% compared with Ro-31-8425 plus H 2 O 2 -treated cells), whereas wortmannin treatment only slightly negated the protective effects of PKC inhibitor (ϳ10%). The difference in effect between wortmannin and Akt inhibitor VIII may be due to specificity, since wortmannin may affect other downstream targets of PIK, whereas while Akt inhibitor VIII is believed to be a more selective inhibitor of Akt. Overall, these results suggest that the inhibition of Akt does not play a major role in H 2 O 2 -induced necrosis.
Modulation of AMPK by PKC in primary hepatocytes. A previous study (8) demonstrated that AMPK is upregulated by H 2 O 2 treatment. The phosphorylation of a threonine residue (Thr 172 ) within the activation domain of the ␣-subunit is required for AMPK activation (28) . Consequently, AMPK phosphorylation (Thr 172 ) was investigated following H 2 O 2 treatment in primary cultured hepatocytes. In contrast to previous results, H 2 O 2 (300 M) caused a decrease in AMPK phosphorylation starting at 5 min, similar to Akt, when the GSH-to-GSSG ratio was at the lowest (Fig. 8, A and B) . AMPK phosphorylation, like Akt, was restored with time, corresponding with a recovery of the GSH-to-GSSG ratio. Unlike Akt, AMPK was not affected by PMA treatment at any of the time points observed (Fig. 8, B and C) . This suggests that AMPK is not regulated by classical or novel PKC isoforms, which are activated by PMA, as observed with Akt.
PKC inhibitor (Ro-31-8425 and bisindolymaleimide I) treatment alone induced greater AMPK phosphorylation (Fig. 8D) , suggesting that basal PKC activity was inhibiting AMPK, as observed with Akt. PKC inhibitor treatment prevented the decline in AMPK phosphorylation caused by H 2 O 2 treatment and maximally activated AMPK, as observed with Akt. Taken together, these findings suggest that AMPK is inhibited by PKC (most likely an atypical PKC isoform since there was a lack of inhibition by PMA).
AMPK plays a protective role against H 2 O 2 -induced necrosis in hepatocytes.
To determine whether the protective effect of PKC inhibitor was mediated through the upregulation of (27) . Pretreatment of hepatocytes with AICAR or metformin caused a modest increase in AMPK phosphorylation (Fig. 9A) . Surprisingly, hepatocytes treated with both AMPK activators and H 2 O 2 experienced a greater upregulation of AMPK than hepatocytes treated with AMPK activators alone, demonstrating a synergistic action of AMPK activators and H 2 O 2 in upregulating AMPK. The upregulation of AMPK by AMPK activators was associated with increased resistance to H 2 O 2 -induced necrosis (ϳ32% at 300 M H 2 O 2 ) (Fig. 9B) . Thus, upregulation of AMPK was associated with partial protection against H 2 O 2 -induced necrosis. Conversely, AMPK inhibition was associated with a dramatic decrease in the protective effects of PKC inhibitor against H 2 O 2 -induced necrosis. Treatment of hepatocytes with compound C, an inhibitor of AMPK (27) , significantly reduced the protective effect of PKC inhibitors (Fig. 9C ). Compound C has been shown to be a selective inhibitor of AMPK (61), and compound C treatment did not affect mitochondrial respiration in primary hepatocytes (data not shown), which is different from observations in mouse embryonic fibroblasts (14) . Western blot analysis confirmed that compound C inhibited AMPK phosphorylation in parallel with abrogation of the protective effects of PKC inhibitors (Fig. 9D) . These findings demonstrate that AMPK plays an important protective role against H 2 O 2 -induced necrosis and suggest that a major part of the protective effect of PKC inhibitors against H 2 O 2 -induced necrosis is mediated through the upregulation of AMPK.
Go-6976, a selective inhibitor of PKC-␣ and PKC-␤, fails to activate AMPK and is less effective in protecting hepatocytes from H 2 O 2 -induced necrosis.
The fact that PMA did not activate AMPK suggests that classical and novel PKC isoforms are not involved in regulating AMPK. To further test this notion, hepatocytes were treated with Go-6976, an inhibitor believed to be specific for classical PKC isoforms. Go-6976 has been reported to only inhibit PKC-␣ and PKC-␤I (43), whereas bisindolymaleimide I and Ro-31-8425 have been Fig. 10 . Go-6976, a selective inhibitor of PKC-␣ and PKC-␤, fails to activate AMPK and is less effective in protecting hepatocytes from H2O2-induced necrosis. Primary cultured hepatocytes were treated with H2O2 in the presence or absence of Go-6976 (10 M, 1-h pretreatment). A: Go-6976, a PKC inhibitor believed to be specific for PKC-␣ and PKC-␤, activated Akt but failed to activate AMPK. Samples were treated with H2O2 (300 M) where noted. B: Go-6976 was less effective than Ro in protecting hepatocytes from necrosis induced by H2O2. }, H2O2 treatment alone; ■, Ro ϩ H2O2; OE, Go-6976 ϩ H2O2. Means Ϯ SD are shown. *P Ͻ 0.05 compared with hepatocytes treated with Ro; #P Ͻ 0.05 compared with hepatocytes treated with H2O2 alone. shown to inhibit all PKC isoforms tested, including PKC-␣, PKC-␤I, PKC-␦, PKC-ε, and PKC- (43, 60) . Treatment of primary hepatocytes with Go-6976 promoted Akt phosphorylation but did not cause AMPK phosphorylation in either the absence or presence of H 2 O 2 (Fig. 10A ). These observations confirm that classical PKC isoforms (␣, ␤I, ␤II, and ␥) are important in suppressing Akt but are not important in regulating AMPK. The fact that PKC-␣ and PKC-␤II are the only classical PKC isoforms that have been reported in the liver suggests that these PKC isoforms may be important in the negative regulation of Akt (10, 31) . The lack of AMPK activation by Go-6976 was associated with less protection against H 2 O 2 -induced necrosis than Ro-31-8425 (Fig. 10B) . Go-6976 protected hepatocytes less effectively than Ro-31-8425 (ϳ20 -25% for 300 and 400 M). These observations confirm that part of the protective effect of Ro-31-8425 treatment was mediated through the activation of AMPK, probably by the inhibition of an atypical PKC isoform.
Effect of knockdown of PKC-␣ and PKC-against H 2 O 2 -induced necrosis.
Since Go-6976, a more restricted PKC inhibitor than Ro-31-8425 and bisindolymaleimide I, also protected hepatocytes from H 2 O 2 -induced necrosis, although at more modest levels, suggests that classical PKC isoforms may be contributing to H 2 O 2 -induced necrosis. In an attempt to further elucidate which PKC isoform(s) may be mediating H 2 O 2 -induced necrosis, PKC-␣ and PKC-ε were knocked down in mice using ASO, and hepatocytes were isolated to assess their vulnerability to H 2 O 2 -induced necrosis. The knockdown of PKC-␣ slightly decreased H 2 O 2 -induced necrosis compared with control ASO (ϳ22%), wherease knockdown of PKC-ε had no effect (Fig. 11A) . The fact that knockdown of PKC-␣ was only slightly protective suggests that the somewhat greater protective effect of Go-6976 was occurring through additional mechanisms besides PKC-␣ inhibition (e.g., PKC-␤II inhibition, inhibition of PKClike protein, PKC-␤II translocation to the membrane, etc.). Assessment of the effect of ASO treatment confirmed that PKC-␣ and PKC-ε were knocked down (ϳ90%; Fig. 11A,  inset) . PKC-␣ treatment also caused a decline in PKC-ε protein levels without affecting the other PKC isoforms (␤II, ␦, and ; data not shown), suggesting that PKC-␣ may regulate PKC-ε. Taken together, these data suggest that PKC-ε is not important in H 2 O 2 -induced necrosis, whereas PKC-␣, alone or in conjunction with PKC-ε, plays a small role in H 2 O 2 -induced necrosis in primary hepatocytes.
Ro-31-8425 treatment of hepatocytes from mice with PKC-␣ and PKC-ε knockdown still markedly protected from H 2 O 2 -induced necrosis (Fig. 11A) . The protective effects of Ro-31-8425 treatment corresponded with an upregulation of AMPK even when PKC-␣ (Fig. 11B) and PKC-ε (data not shown) were knocked down. These findings confirm that PKC-␣ and PKC-ε are not important in AMPK inhibition and support the notion that most of the protective mechanism of Ro-31-8425 is mediated through the upregulation of AMPK. Ro-31-8425 treatment was also observed to increase Akt phosphorylation even when PKC-␣ (Fig. 11B) and PKC-ε (data not shown) were knocked down. Previous experiments with Go-6976 have suggested that classical PKC isoforms, likely PKC-␣ or PKC-␤II, were important in the negative regulation of Akt. The fact that Ro-31-8425 treatment still upregulated Akt in hepatocytes with PKC-␣ knocked down suggests PKC-␤II may be important in the negative regulation of Akt in primary hepatocytes.
DISCUSSION

Signal transduction pathways play an important role in H 2 O 2 -induced necrosis in cultured primary hepatocytes.
There is growing evidence in the literature suggesting that signaling pathways may modulate necrosis in certain situations (15, 46) . Although necrosis has traditionally been characterized as a passive form of cell death due to catastrophic injury, recent studies have suggested that some forms of necrosis involve extensive programming. Similarly, H 2 O 2 -induced necrosis has been traditionally attributed to oxidative modification of proteins, lipids, and DNA that could be mainly inhibited by antioxidant treatment. However, our work demonstrates that the modulation of signaling pathways involving PKC and AMPK could alter H 2 O 2 -induced necrosis. Although H 2 O 2 -induced necrosis in hepatocytes did not extensively involve JNK (a common feature of programmed necrosis) (21), it is clear from our work that modulating signaling pathways in- Fig. 11 . Effect of knockdown of PKC-␣ and PKC-ε on H2O2-induced necrosis in hepatocytes. A: effect of knockdown of PKC-␣ or PKC-ε on H2O2-induced necrosis in the absence and presence of PKC inhibitor. PKC-␣ or PKC-ε in mice were silenced using antisense oligonucleotide (ASO) injection (7 injections every other day). Cont mice were injected with scrambled ASO. Hepatocytes were isolated from ASO-treated mice, and their sensitivity to H2O2 (300 M) was assessed in the presence and absence of Ro (10 M, 1-h pretreatment). Western blot analysis demonstrated the effect of ASO on PKC-␣ and PKC-ε protein expression in hepatocytes (inset). B: Ro treatment of hepatocytes with suppressed PKC-␣ still induced AMPK and Akt phosphorylation. Fifteen minutes following H2O2 treatment, total cell extracts of hepatocytes were harvested, and Western blot analysis was performed using antisera against p-AMPK, AMPK, p-Akt, and Akt. NT, Cont from mice without ASO treatment. Means Ϯ SD are shown. #P Ͻ 0.05 compared with Cont ASO sample; *P Ͻ 0.05 compared with PKC-␣ ASO without PKC inhibitor; **P Ͻ 0.05 compared with PKC-ε ASO without PKC inhibitor.
volving PKC and AMPK were as or more effective than antioxidants (e.g., BHT and ␣-tocopherol) in protecting hepatocytes from H 2 O 2 -induced necrosis. This suggests that H 2 O 2 -induced necrosis involves two factors: 1) oxidative damage and an alteration in cellular redox status, which have been previously characterized to be prevented by antioxidants; and 2) activation of signaling pathways involving PKC activation that suppress signaling pathways such as AMPK and Akt. While oxidative damage and changes to the GSH redox status induced by H 2 O 2 are likely to be important in activating or inhibiting signaling pathways that induce necrosis, our data suggest that even in the presence of extensive changes to the GSH redox status, altering PKC signaling pathways alone can protect hepatocytes from H 2 O 2 -induced necrosis. Consequently, our work suggests that necrosis induced by H 2 O 2 involves a "program" that includes PKC activation and AMPK inhibition to promote hepatocyte death.
The present work revealed many important steps involved in H 2 O 2 -induced necrosis. First, we observed that H 2 O 2 is rapidly consumed by hepatocytes, within minutes of H 2 O 2 treatment. The rapid H 2 O 2 consumption by hepatocytes was associated with a dramatic decrease in the GSH-to-GSSG ratio, which gradually recovered before the onset of necrosis. This suggests that most of the oxidative damage and changes in the GSH redox status important in H 2 O 2 -induced necrosis occur immediately following H 2 O 2 treatment. However, hepatocytes died hours after H 2 O 2 treatment (depending on the dose), indicating that there is a lag phase during which signaling changes that promote necrosis might be activated. Indeed, the dramatic drop in the GSH/GSSG redox status that occurred immediately following H 2 O 2 treatment was associated with increased PKC activity [as shown by increased phosphorylation of proteins by PKC (Fig. 4C) ]. Based on our work with inhibitors and ASO, classical PKC isoforms, which inhibit Akt, and atypical PKC isoforms, which inhibit AMPK, were activated in response to H 2 O 2 treatment and/or changes in the GSH/GSSG redox status. The activation of atypical PKC isoforms and the consequent inhibition of AMPK were the key signaling changes induced by H 2 O 2 treatment that promoted severe necrosis. Activation of classical PKC isoforms may also contribute to H 2 O 2 -induced necrosis, but probably not through its inhibitory effect on Akt.
PKC isoforms involved in H 2 O 2 -induced necrosis in primary hepatocytes
. Although all PKC inhibitors tested protected hepatocytes against H 2 O 2 -induced necrosis, identification of the PKC isoforms involved in H 2 O 2 -induced necrosis was complex. Part of the problem lies in the fact that PKC inhibitors not only inhibit PKC activity but also affect PKC translocation to membranes (52, 53) . Based on our data, atypical PKC and classical PKC isoforms, which regulate AMPK and Akt, respectively, are activated in response to H 2 O 2 treatment. The regulation of AMPK by atypical PKC isoforms is based on observations that AMPK is downregulated by H 2 O 2 treatment of hepatocytes but upregulated by treatment with broad-spectrum PKC inhibitors (Ro-31-8425 and bisindolymaleimide I). In addition, PKC inhibitor (Ro-31-8425 and bisindolymaleimide I) treatment alone induced greater AMPK phosphorylation in the absence of H 2 O 2 (Fig. 8D) , suggesting that there was some basal PKC activity inhibiting AMPK. The selective PKC inhibitor Go-6976 (43), however, did not active AMPK, suggesting that classical PKC isoforms were not involved in AMPK regulation. In agreement with this finding, PMA, an activator of classic and novel PKC isoforms, did not affect AMPK phosphorylation. Since AMPK activation played a protective role against H 2 O 2 -induced necrosis, our data suggest that atypical PKC isoforms may be activated following H 2 O 2 treatment to inhibit AMPK and promote H 2 O 2 -induced necrosis. However, based on our data, the possibility that PKC inhibitors were inhibiting a PKC-like protein that regulates AMPK signaling cannot be ruled out. Further experiments using ASO or short interfering RNA against atypical PKC isoforms will be needed to confirm that atypical PKC isoforms regulate AMPK activity in primary hepatocytes.
Although Go-6976 did not upregulate AMPK, it did partially prevent H 2 O 2 -induced necrosis (although not as strongly as Ro-31-8425), suggesting that the activation of classical PKC isoforms contributes to H 2 O 2 -induced necrosis. Akt phosphorylation was inhibited by H 2 O 2 treatment but upregulated by the selective PKC inhibitor Go-6976, suggesting that classical PKC isoforms, likely PKC-␤II, are involved in the negative regulation of Akt. This is in agreement with previous studies (38, 59 ) that showed that Akt is negatively regulated by classical PKC isoforms in some cell types (keratinocytes, A459 cells, and HEK-293 cells). Knockdown of PKC-ε using ASO showed that PKC-ε was not important in H 2 O 2 -induced necrosis, whereas knockdown of PKC-␣ partially protected hepatocytes against H 2 O 2 . However, the protection afforded by knockdown of PKC-␣ was smaller (ϳ22%) than Go-6976 treatment (ϳ45%), suggesting that Go-6976 may work through other pathways to protect hepatocytes from H 2 O 2 -induced necrosis. Part of the protective mechanism of PKC inhibitors may be mediated by PKC inhibitor treatment initiating translocation of these PKC isoforms to the membrane. Although PKC isoforms that translocate to membranes following PKC inhibitor treatment remain inactive, PKC translocation to the membrane may still affect signal transduction pathways (through protein-protein interactions, inhibiting the access of other proteins to membrane). Thus, it is possible that Go-6976 may be protecting hepatocytes through a combination of inhibition of PKC-␣ and induction of translocation of PKC-␤ to the membrane that alters other signaling pathways. At this point, it appears that atypical PKC isoforms and PKC-␣ play some role in H 2 O 2 -induced necrosis. However, other PKC isoforms or kinase targets of inhibitors may also play a contributory role, and this needs to be further elucidated.
Signal transduction pathways involved in H 2 O 2 -induced necrosis in primary hepatocytes. Regardless of the mechanism, PKC inhibitors helped to unmask signaling pathways that are important in modulating H 2 O 2 -induced necrosis. Immediately following H 2 O 2 treatment, Akt and AMPK were downregulated, whereas JNK was gradually activated. PKC inhibitors (Ro-31-8425 and bisindolymaleimide I) upregulated Akt and AMPK but did not affect JNK activation. AMPK was observed to be an important pathway in modulating H 2 O 2 -induced necrosis, whereas Akt and JNK were much less important in H 2 O 2 -induced necrosis. JNK activation has been shown to play a key role in apoptosis and programmed necrosis in many cell lines. In the liver, we observed that sustained JNK activation plays a central role in acetaminophen-induced liver injury (21) , which is associated with hepatocyte necrosis and GSH depletion (20) . JNK inhibitor and JNK ASO treatment significantly limited liver injury caused by acetaminophen without affecting GSH levels (21) . Therefore, it is somewhat surprising that PKC inhibition could prevent H 2 O 2 -induced necrosis despite the fact that JNK activation remained sustained. JNK activation played some role in H 2 O 2 -induced necrosis, as seen by the partial protection by JNK inhibition. However, PKC inhibitor protected hepatocytes despite sustained JNK activation and alterations in the GSH redox status. This suggests that sustained JNK requires other important factors (activated during acetaminophen-induced liver injury) to promote hepatocyte necrosis. In contrast to JNK, Akt is believed to be prosurvival and has been shown to protect cells against ROS and other stresses (17, 32) . Akt inhibition by Akt inhibitor VIII only slightly decreased the effectiveness of PKC inhibitor, suggesting that Akt plays a small role in mediating hepatocyte survival against H 2 O 2 -induced necrosis. Despite the prosurvival aspect of Akt, our data suggest that Akt activity does not play a major role in mediating the protective effects of PKC inhibitors.
Based on experiments with AMPK activators and inhibitors, the most important protective pathway affected by H 2 O 2 and PKC inhibitor (Ro-31-8425 and bisindolymaleimide I) was AMPK. The upregulation of AMPK (phosphorylation) by PKC inhibitors or AMPK activators significantly reduced H 2 O 2 -induced necrosis (Fig. 12B) . In addition, treatment of hepatocytes with compound C, an AMPK inhibitor, almost completely abrogated the protective effects of PKC inhibitor, suggesting that PKC inhibitors work primarily through the upregulation of AMPK to protect hepatocytes from H 2 O 2 -induced necrosis (Fig. 12C) . Taken together, our data suggest that the upregulation of AMPK promotes hepatocyte survival and significantly reduces H 2 O 2 -induced necrosis. AMPK is an important energy sensor in cells and activates energy-generating pathways including increased ␤-oxidation, upregulation of glucose transporters, and inhibition of glycogen synthesis (28, 42) . AMPK is also important in cell repair and a regulator of autophagy. Thus, a possible mechanism by which AMPK activation may be protecting hepatocytes is through modulating energy-generating pathways as well as cell repair through autophagy. H 2 O 2 treatment is likely to drain energy levels in cells because ATP is required for repair of damaged proteins, lipid peroxidation, and DNA damage initiated by H 2 O 2 . Additional studies will be needed to determine if AMPK protects hepatocytes against H 2 O 2 -induced necrosis through the upregulation of energy-generating pathways.
Perspectives
When normal hepatocytes were treated with broad-spectrum PKC inhibitors, we observed activation of Akt and AMPK, suggesting that basal PKC activity exerts an inhibitory tone on these kinases. H 2 O 2 further activated PKC, leading to greater inhibition of Akt and AMPK. PKC inhibitor fully restored the activation of these kinases, preventing the inhibition by H 2 O 2 . AMPK played a dominant protective role in the PKC inhibitor effect. Much of our data support the conclusion that H 2 O 2 -induced necrosis is mediated by atypical PKC isoform-induced suppression of AMPK, and PKC inhibition allowed maximal activation of this protective kinase. Other pathways activated by H 2 O 2 , such as JNK or classical/novel PKC isoform-dependent suppression of Akt, appeared to play a small role in the signal transduction events leading to necrosis induced by H 2 O 2 .
